Abstract We measured the surface energy budget of an Alpine grassland in highly complex 7 terrain to explore possibilities and limitations for application of the eddy covariance tech-8 nique, also for CO 2 flux measurements, at such non-ideal locations. This paper focuses on 
vapour and CO 2 separately and takes the higher flag value of the two tests for each com-156 ponent. In addition to this procedure we set the flag to poor quality (flag 2) whenever the 157 momentum flux is not directed towards the surface (see Eugster et al. 2003) .
158

Data Processing
159
The data from the eddy covariance tower were evaluated and the fluxes calculated with the 160 in-house eth-flux software. This program first rotates the coordinate system into the mean 161 stream line for the averaging period and then eliminates w in a second rotation (McMillen, 162 1988). After searching for the time lag with the highest correlation in between the two vari-163 ables, the fluxes are calculated following the rules of Reynold's averaging (Stull, 1988) . The 164 time lag search was restricted to a time window from 0 to 0.5 s. This time lag is typically 165 a function of wind direction and is influenced by instrument-inherent time delays and lon-166 gitudinal sensor separation. For quality control, the program uses the official CarboEurope 167 standard described in the previous section. This software also participated in the CarboEu-168 rope software intercomparison (Mauder et al., 2007) .
169
In a next step, the data of the weather station and the eddy covariance tower were merged 170 and filtered using various crosschecks. First, we filtered out all the data where the difference 171 between the air temperature measured by the sonic anemometer and the hygro clip of the 172 weather station exceeded 5
• C. This difference is assumed to be caused by an obstruction 173 blocked the sonic path leading to invalid measurements. In this case, the data from the
174
IRGA and the sonic were removed. Second, we rejected all measurements during periods 175 with precipitation as during such weather conditions drops covering the optical window data pass where the flag quality for CO 2 was lower than or equal to one (good and best 181 quality).
182
After having rejected low quality measurements, the damping loss correction (Eugster
183
and Senn, 1995) and the Webb correction (Webb et al., 1980) were applied to the flux data.
184
The damping loss correction describes the spectral loss in the high frequencies from the 185 slightly modified formulation of the idealized model introduced by Kaimal et al. (1972) as 186 described in Eugster and Senn (1995) using the model of an inductance in a alternating-187 current circuit. For our site, an inductance of L = 0.15 s could be found for both, the CO 2 188 and the water vapour flux (see Figure 2 ). This correction increased both fluxes about 12%.
189
The Webb correction accounts for the fact that rising air parcels normally have a lower 190 density than downwards moving ones which leads to an apparent downward CO 2 flux. This 191 correction reduces the magnitude of the CO 2 flux by 25% and increases the H 2 O flux by 192 2.5%.
193
The data from the weather station were visually screened and unreliable values replaced 194 with "no value". We corrected the precipitation data by around plus 10% according to a post-195 field calibration measurement. In addition, the data of the net radiometer were corrected after 
Surface Radiation on inclined Surface
201
The intensity of direct radiation inputs on inclined surfaces differs from the input on hori-202 zontal surfaces as energy input depends on the angle of incidence. This dependency can be 203 written as follows (Oke, 1987) : 
A semi empirical function was found to describe the above shown proportionality:
for positive Q * . Because the differences between the horizontal and tilted measurements are 216 insignificant when solar radiation is zero, Ψ is set equals Q * for negative net radiation.
217
Thereafter, the following regression between Ψ and Q * was preformed for the site de-218 scribed in Matzinger et al. (2003) .
where the parameters a = 3.689 × 10 −5 , b = 0.5014, and c = 16.6187 were found, which 220 include local information. Because we have no data to calculate this regression ourselves 221 and the sites are relatively similar, the measurements were made over grassland in an alpine 222 valley as well, we used these parameters to calculate the slope parallel net radiation.
223
The reasoning behind such a correction is as follows. The surface energy budget was defined as to very low velocities (Fig. 3) .
273
The prevailing wind directions present a pattern composed of three different modes Whiteman (2000).
281
The two other patterns shown in Figure 4 are days when one wind direction was pre- 
289
For the assessment of EC measurements, not only the wind direction is of importance.
290
The wind speed, turbulence, and stability of the atmosphere influence the flux footprint size.
291
The diurnal pattern of the friction velocity u * is as expected higher values during daytime tably, the pass road is a purely touristic route that has almost no traffic at night that could 298 potentially lead to erroneous nighttime flux measurements when downvalley winds prevail.
299
The presented contribution of prevailing winds described above is also reflected in the 300 data quality: Figure 6 shows clearly that more measurements were rejected during the tran-301 sition periods under changing wind directions. Also during the night and periods with pre-302 dominant winds from the west, the quality of the data is slightly lower. 
Energy Budget Closure
304
According to the First Law of Thermodynamics, energy can be neither generated nor de-305 stroyed, and thus is conserved in a closed system. Therefore, the energy balance is consid- Table 1 ). From the diurnal characteristics of energy imbalance in Figure 8 we can see 309 that the closure gap has a diurnal course with an energy surplus during part of the after-310 noon. Therefore, we also investigated the energy budget closure of morning and afternoon 311 conditions separately (Fig. 7 , Table 1 ).
9
We averaged all July data to yield the mean diurnal cycles presented in Figure 8 . As the intention of this study is to assess whether EC method might be an appropriate would implicate a reduction of energy input in the morning and an increase in the afternoon.
413
As this would explain part of our closure gap, we corrected the net radiation as described 
425
The characteristics of advected air may differ from those of the site itself. The typical 426 diurnal course of the differential heating in a nearby valley were described in full detail by
427
Urfer-Henneberger (1970) and Urfer-Henneberger and Turner (1982) . We thus can restrict 428 our discussion to how these well-known mountain valley wind systems influence our local 429 energy budget closure. In the morning, when cooler air is advected, energy is needed to heat 430 it up. This energy cannot be used to evaporate water and cannot be stored in the ground. The 431 air also exits in the horizontal plain and hence fluxes are not measured by the EC method.
432
The result is a measured energy input towards the surface which is bigger than the output, air along the valley axis and in the upslope direction.
446
As the day progresses, the upvalley wind becomes fully developed. In contrast to morn- (Q * − Q G ), but also looked at morning and afternoon conditions separately (Fig. 8) 
483
The comparison of EC with chamber measurements shows a similar result (see Fig. 10 ).
484
The chamber values are relatively high, which might be related to problems determining the The eddy covariance method has high requirements regarding the environmental conditions.
508
Even for study sites with ideal conditions, it is difficult to fulfil all of them. Therefore, it does 509 not surprise that some requirements are not completely satisfied in highly complex terrain.
510
In valley systems, the local wind system has a considerable impact on the measurements.
511
The continuous wind along the valley axis, upvalley during the day and downvalley by 512 night, certainly involves horizontal advection. This is however not specific for our locality 513 in complex topography, and energy budget closure was found to lie in the range reported 514 from many other locations that are considered more ideal for EC flux measurements.
515
We could not find any indication that the EC method does not work in complex terrain.
516
The daily averaged energy imbalance of 9.5 W m −2 (or 0.82 MJ day −1 ) is only ≈8% of the 
525
Assuming that our findings for the energy budget closure can also be translated to CO 2 526 flux measurements we argue that NEE measurements that were carried out simultaneously 527 are expected to be of similarly high quality. To fully confirm these findings, a more sophis-528 ticated study with several towers in order to measure 3D fluxes would be needed. Alpental. Arch Meteorol Geophys Bioklimatol B31:253-271 Table 1 Linear best fits of turbulent fluxes (Q H + Q E ) as a function of available energy (Q * − Q G ) with net radiation Q * measured perpendicular to the locally flat ground (top) and corrected for slope aspect and angle of the general topography. All parameter estimates are highly significant (p < 0.05). 
Intercept
657
The solid line is the best fit to the solid points, and the dashed one shows the 1:1 ratio. 
